To test the hypothesis that dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) provides a useful in vivo measure of passive blood retinal barrier permeability surface area product (BRB PS) in experimental diabetic retinopathy. METHODS. BRB PS (cm 3 /min) was measured using DCE-MRI and Gd-DTPA (MW 590 Da) in urethane-anesthetized control rats, sodium iodate-treated rats, rats receiving intravitreally injected human serum albumin (HSA) or vascular endothelial growth factor/vascular permeability factor (VEGF/VPF), or in rats that were diabetic for 2, 4, 6, or 8 months. RESULTS. Sodium iodate-treated rats exhibited an eightfold increase (P Ͻ 0.05) in BRB PS compared to that in control animals. Furthermore, in iodate-treated rats, the average vitreous signal enhancement was linearly dependant on Gd-DTPA dose (r ϭ 0.91, P Ͻ 0.0001). Six hours postinjection, VEGF/ VPF-treated rats exhibited a threefold increase in BRB PS (P Ͻ 0.05) compared to eyes injected with HSA. In 2-, 4-, and 6-month diabetic rats, BRB PS was not significantly different (P Ͼ 0.05) from control BRB PS values. After 8 months of diabetes, a twofold increase (P Ͻ 0.05) in PS over control PS values was found. DCE-MRI demonstrated that the BRB becomes leaky immediately before death, possibly causing an artificial increase in retinal permeability in methods that require enucleation or retinal isolation to assess permeability. CONCLUSIONS. DCE-MRI provides a sensitive, noninvasive, and linear assay that accurately measures, without potential artifacts associated with death and enucleation, passive BRB PS in experimental diabetes. DCE-MRI BRB PS measurements are expected to provide a useful surrogate marker of drug treatment efficacy. (Invest Ophthalmol Vis Sci. 2004;45:2391-2398) DOI: 10.1167/iovs.03-1381 I n patients with diabetes, substantial vision loss is associated with fluid build up in the macula.
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n patients with diabetes, substantial vision loss is associated with fluid build up in the macula. 1 This diabetic macular edema (DME) is thought to result from breakdown of the blood-retinal barrier (BRB) and subsequent movement of more electrolytes and water into than out of the macula. 2 Current treatment of DME typically involves focal photocoagulation. However, this strategy is destructive and not always effective. 2 A better understanding of the timing of leakage and mechanisms associated with BRB breakdown is expected to facilitate the development of better therapies for DME.
Unfortunately, fundamental questions continue regarding the temporal evolution and extent of damage to BRB as a function of diabetes duration. One reason is that a wide range of techniques have been used by different laboratories and many of these approaches do not provide measures of BRB damage as quantitative physiologic parameters [e.g., permeability surface area product (PS), units cm 3 /min]. Because it is not possible to measure permeability changes separate from alterations in surface area, the product of the two (PS) is commonly used in physiological investigations of tissue leakiness. 3 PS is the unidirectional in-flow rate of tracer (mM/min) per unit concentration difference across the damaged BRB (mM/cm 3 ). 3 Many preclinical studies have reported increased retinal levels of probes, such as albumin (66 kDa) and Evans blue dye (which rapidly associates with plasma albumin) as evidence for increased BRB damage in as early as 2 weeks of diabetes. 4 -8 In contrast, studies involving other tracers, such as sucrose (342 Da), found little to no early increase in passive BRB PS. 5,9 -12 Detection of diabetes-related changes in BRB permeability appears to depend on the size and properties of the probe. 5 In addition, the methods used to evaluate BRB damage in the studies often require animal death and/or enucleation and so cannot be used clinically. It is not yet known if the procedures of animal death and/or enucleation produce a potentially confounding BRB opening artifact as the animal approaches death and energy resources are used up.
In patients with nonproliferative diabetic retinopathy there is a strong association between increased passive (i.e., between tight cell-cell junctions) permeability to fluorescein (390 Da) through the BRB and leakage on fluorescein angiography, visual acuity, and different stages of DME. [13] [14] [15] These results strongly support monitoring increased passive BRB permeability to small molecular weight probes as a useful surrogate marker of increased risk of edema formation. 2 However, interpretation of the results of vitreous fluorometry can be confounded by factors such as active outward transport from the vitreous, poorly defined fluorescein pharmacokinetics, rapid metabolic conversion to fluorescein glucuronide (which fluoresces over a similar wavelength as fluorescein), and plasma protein binding of fluorescein, that can cause misinterpretation of the data in terms of BRB passive permeability. 16 -18 Because vitreous fluorophotometry is a one-dimensional optical approach and requires a clear optic medium, its application is limited to patients without vitreous liquefaction and media opacities. 15 As a result, fluorophotometry measurements of BRB damage often are possible only in a subset of diabetic patients. 15 There is a need for routine, nondestructive, multidimensional assessment of increased passive BRB permeability that can be applied in the clinic and in preclinical models.
Previously a rapid method for measuring BRB PS in patients with proliferative diabetic retinopathy and in a variety of preclinical models was developed, validated, and applied using dynamic contrast MRI (DCE-MRI) and the clinically available, small molecular weight contrast agent gadolinium-diethylenetriamine pentaacetic acid (Gd-DTPA; 590 Da). 19 -27 As opposed to fluorescein, Gd-DTPA is not actively transported from the vitreous, has a well-defined pharmacokinetic profile, is not metabolized, does not bind to plasma proteins, will cross BRB only after disruption of tight cell junctions (i.e., is a passive permeability tracer), and can be used to provide an accurate measure of BRB PS. 25, 26 Also, DCE-MRI does not require a clear optic medium, provides a noninvasive, high resolution twodimensional map of the location of the influx of contrast agent into the vitreous (e.g., from the retina or iris/ciliary body), and is clinically applicable. 23, 24, 26 Furthermore, DCE-MRI data are in visual agreement with fluorescein angiogram in patients with proliferative diabetic retinopathy. 28 These considerations highlight DCE-MRI and Gd-DTPA as a powerful noninvasive approach to study increased passive BRB permeability in both preclinical and clinical subjects with diabetes. However, DCE-MRI studies have not yet been performed in more common experimental models of diabetic retinopathy involving the rat.
This study first determined if DCE-MRI had potential advantages over methods that involve animal death and/or enucleation by measuring BRB opening before, during, and after death. In addition, the sensitivity, linearity, and accuracy of DCE-MRI were evaluated in nondiabetic rats pretreated with sodium iodate (a known retinal pigment epithelial-specific poison 11,26,29 -32 ) or vascular endothelial growth factor/vascular permeability factor (VEGF/VPF), as well as in diabetic rats (with 2, 4, 6, or 8 months of diabetes).
METHODS
The animals were treated in accordance with the NIH Guide for the Care and Use of Laboratory Animals and the ARVO Statement on Animals in Vision Research.
Animal Models
Sodium Iodate. Conscious rats were given 30 mg/kg sodium iodate (Sigma, St. Louis, MO) i.p. 24 hours before the MRI examination.
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VPF/VEGF. Two L containing either a human serum albumin (HSA) vehicle or 0.5 g VEGF/VPF (R&D Systems, Minneapolis, MN) were injected into the vitreous of anesthetized rats using a 30 g blunt nose needle and a surgical microscope. This bolus dose of VEGF corresponded to a 250 nM initial concentration in the approximately 50 L rat vitreous. 33 In VEGF titration studies, this bolus dose was observed to induce rapid and optimal phosphorylation of retinal VEGF receptor 2 (VEGFR2/KDR) in rats (data not shown). Injections were done in a staggered fashion so that each rat was examined by DCE-MRI 6 hours postinjection.
Diabetes. The rats in the control group were 2-2.5 months old.
To exclude an effect of age on the between-group differences, 8-month-old control rats (n ϭ 5) were also studied. Diabetic rats were maintained for 2, 4, 6, or 8 months before being studied. Diabetes was induced in rats (starting weight, 200 -220 g; n ϭ 20) by injecting streptozotocin (55 mg/kg, 0.05 M citrate buffer, pH 4.5, intraperitoneally) after a 24-hour fast and verified 24 hours later by the presence of hyperglycemia and glucosuria in nonfasting rats. Three animals were excluded from the study due to their hyperglycemia being too mild or the rat being too sick during the 2-6 month period. Animals were fed normal rat chow (5001; Ralston Purina, Richmond, IN) and water ad libitum. Rat urine ketones and glucose and blood glucose levels were monitored daily, and body weight was followed weekly. Subtherapeutic levels of insulin (1-2 U of neutral protamine Hagedorn [NPH] insulin were injected s.c. every day based on the daily measure of blood glucose, and urine volume and ketones) were administered to allow slow weight gain, yet maintain hyperglycemia and glucosuria. Glycosylated hemoglobin was measured 1 week before the MRI examination using a commercial affinity microchromatographic kit (GLYCOTek; Helena Laboratories, Beaumont, TX). Final blood glucose levels were measured immediately after the MRI examination.
MRI Examination.
On the day of the examination, urethane anesthetized animals (0.083 mL of a 36% solution of urethane/20 g animal weight, i.p., freshly made daily; Aldrich, Milwaukee, WI) had their tail vein cannulated with a 25 g catheter. The dose of contrast agent (Gd-DTPA, Magnevist; Berlex Laboratories, Wayne, NJ) was 0.1 mM Gd-DTPA/L/kg. In the sodium iodate-treated rats, a range of Gd-DTPA doses were also investigated (0.01, 0.1, and 0.3 mM Gd-DTPA/L/kg). Rats receiving 0.01 mM GD-DTPA/L/kg were examined immediately afterward using a Gd-DTPA dose of 0.1 mM Gd-DTPA/L/kg to confirm the presence of BRB damage. Note only sodium iodatetreated rats that demonstrated DCE-MRI BRB damage spanning the length of the retina were used in this study. Rats were then gently positioned on an MRI-compatible holder. Rectal temperature was continuously monitored and maintained. MRI data were acquired on a 4.7 T system using a two-turn surface coil (1.5 cm diameter rat) placed over the eye and a spin-echo imaging sequence (repetition time [ . A capillary tube (1.5 mm inner diameter) filled with distilled water was used as the external standard. Twelve sequential 2-minute images were acquired as follows: three control images before injection of contrast agent and nine images during and after a 6 second Gd-DTPA bolus injection. In other words, images were acquired for up to 18 minutes after injection of Gd-DTPA. For some of the early time point diabetic rats, images were also collected for up to 40 minutes postinjection but no leakage was detected (data not shown). In each animal Gd-DTPA was injected at the same phase encode step collected near the beginning of the fourth image.
At the end of the experiment, blood from the tail vein was collected and analyzed for glucose concentration. After the MRI examination, the animals were humanely killed.
Death Experiments. These experiments (n ϭ 3) were performed as above except that 0.2 mL of urethane was injected into the tail vein at the end of scans 5 and 7. In other words, Gd-DTPA was allowed to circulate for 4 minutes before the first urethane bolus. Respiratory movement was evident as slight "ghosting" in each image (i.e., low-intensity image smearing in the phase-encode direction). This ghost artifact arises because during respiration, the animal is not in exactly the same spatial location throughout image acquisition. Cessation of this movement was used to assess time of animal death (usually observed by scan 11).
Data Analysis. To be included in this study, the animal must have demonstrated minimal eye movement during the MRI examination, nongasping respiratory pattern before and after the MRI examination, and constant rectal temperatures.
To correct for movement within the slice plane, an affine transformation was performed on each animal using software written in-house. An affine transformation applies a linear combination of translation, rotation, scaling and/or shearing (i.e., nonuniform scaling in some directions) operations that preserves lines and parallelism to co-register images to a reference image. Because the slice thickness (1 mm) is relatively large compared to the diameter of the eye (approximately 6 mm), partial volumes will be similar if the eye subtly moves out of the imaging plane and so the data analysis results are not expected to be substantially affected. After co-registration, the MRI data were transferred to a Power Mac G4 computer and analyzed using the program IMAGE (a freeware program available at http://rsb.info.nih.gov/nihimage; last accessed 5/12/04). The three precontrast images were averaged to improve the signal-to-noise ratio. All images were then normalized to an external standard signal intensity. A small region-ofinterest (ROI) in the anterior vitreous was also chosen for normalization to 100 before subtracting out the background noise. The precontrast image was then smoothed twice to reduce noise. For each pixel, the fractional signal enhancement, E, was calculated:
where S(t) is the pixel signal intensity at time t postcontrast, and S 0 is the precontrast signal intensity (measured from the average of the three control images) at the same pixel spatial location. To determine BRB PS, a ROI was chosen on the E map that contained the entire vitreous space. The area of this ROI and the mean E within the ROI were measured at each postcontrast time point. In principle, measurement of PS only requires a single time point after injection (see below), because the greatest difference in E between controls (which do not enhance) and experimental subjects (which may enhance) is expected at the latest time points, only the last four time points (13, 15, 17 , and 19 minutes) were converted to BRB PS values. These PS values were then averaged to minimize the influence of noise on any one PS value.
To calculate PS, the Simplified Early Enhancement method of Tofts and Berkowitz was used 3, 26 and is briefly described here. This method requires estimates of the vitreous T 1 in the absence of Gd-DTPA (T 10 ), the relaxivity of Gd-DTPA (R 1 , s Ϫ1 mM
Ϫ1
), and the Gd-DTPA concentration plasma time course parameters. 3, 23, 26 Vitreous T 10 was previously reported to be approximately 3.5 seconds. This value was checked in a control rodent using a homogenous excitation and surface coil reception and collecting gradient recalled echo images at different flip angles. As expected for a T 10 of approximately 3.5 seconds, a maximum vitreous signal intensity was found at a flip angle of 12°-13°(based on the Ernst angle formula, data not shown). 34 Gd-DTPA relaxivity is constant at a set temperature and field strength and so the previously reported value of 4.5 seconds/mM was used. 26 To determine the pharmacokinetic parameters after a bolus of Gd-DTPA in rats, blood samples were obtained in separate experiments in heparinized tubes during the precontrast period, and 1, 3, 7, 15, 30, and 60 minutes postinjection. These samples were centrifuged and the plasma fraction was obtained for NMR analysis. Inversion recovery T 1 experiments were performed on the water signal of the plasma fraction at room temperature. From the T 1 value, the amount and thus concentration of Gd-DTPA was determined from a calibration curve obtained at room temperature in a separate phantom study. The unidirectional rate constant, k, is given by
where D is the Gd-DTPA dose, T k ϭ T R exp(ϪT R /T 10 )/(1 Ϫ exp(ϪT R / T 10 )), T R is the repetition time, a 1,2 are the Gd-DTPA plasma amplitudes, and m 1,2 are the rate constants of each plasma component. Thus, k can be found from a single measurement of enhancement, provided R 1 , T k , and the plasma parameters are known. Setting the vitreous volume in the slice Vv ϭ A region-of-interest (slice thickness), PS then is:
PS ϭ kA region-of-interest (slice thickness).
This equation assumes that all tracer in the slice originated from the portion of retina in that slice. This assumption is justified by the results of the present experiments in sodium iodate-treated rats, which demonstrated MRI-derived BRB PS values similar to those previously measured using traditional physiologic methods (see below).
Statistical Analysis
The data for the PS and glycated hemoglobin parameters were consistent with a normal distribution and presented as mean Ϯ SEM. Comparisons between groups were performed using an ANOVA analysis with P Ͻ 0.05 considered statistically significant.
RESULTS

Diabetic Model Characteristics
As expected, compared with control animals, the percent glycated hemoglobin values in all diabetic rats were significantly elevated (P Ͻ 0.05; Table 1 ). There was no significant difference (P Ͼ 0.05) between the percent glycated hemoglobin levels of the four durations of diabetes. Figure 1 illustrates enhancement parameter maps after a bolus injection of Gd-DTPA in control, sodium iodate-treated, HSAinjected control, and VPF/VEGF-injected rats. In sodium iodate-treated rats, a linear relationship (r ϭ 0.91, P Ͻ 0.005) was found between vitreous signal enhancement and dose of Gd-DTPA (Fig. 2) . The BRB PS of sodium iodate-treated rats was significantly (P Ͻ 0.005) greater than that of control rats (Fig.  3) . In addition, a threefold increase (P Ͻ 0.05) in BRB PS was found in VPF/VEGF injected eyes compared with HSA-injected control eyes (Figs. 1 and 3) . No significant (P Ͻ 0.05) differences were found between the BRB PS in noninjected control and HSA-injected eyes (Fig. 3) .
Plasma Gd-DTPA Time Course
MRI
Examples of DCE-MRI data for 6-and 8-month diabetic rats are shown in Figure 4 . BRB integrity was intact in both 2-and 8-month control groups (data not shown). In the diabetic group, only BRB PS in the 8-month diabetic group was significantly different (P Ͻ 0.05) from controls (Fig. 5) .
Death
As seen in Figure 6 , in control rats, signal intensities change were minimal while the animal was alive (P Ͼ 0.05), indicating an intact BRB. However, clear evidence for BRB damage (P Ͻ 0.05) was found before loss of respiratory movement (i.e., death) at 9 minutes postcontrast and later (second arrowhead). BRB opening was also evident within minutes after animal sacrifice by KCl injection (data not shown). Thus, approaching death was associated with a rapid breakdown in BRB permeability.
DISCUSSION
In this study, for the first time, the utility of DCE-MRI BRB PS measurement using Gd-DTPA in diabetic rats was evaluated. Normally, Gd-DTPA is excluded by the BRB and does not enter 35 In other words, changes in vitreous MRI signal intensity on a T 1 weighted image are a marker of BRB disruption. These signal intensity changes can then be converted into PS. 26 Note that unlike other models in which DCE-MRI can distinguish damage to inner (tight endothelial cell junctions) and outer (tight retinal pigment epithelial junctions) barriers, the situation is not similarly favorable in the rat and 3. Summary of BRB PS from control rats (C, n ϭ 10), sodium iodate-treated rats (IODATE, n ϭ 5), HSA-injected control rats (HSA, n ϭ 6), and VPF/VEGF-injected control rats (VPF/VEGF, n ϭ 13). Significant difference (*P Ͻ 0.05) with the control group. DCE-MRI cannot resolve the barrier separation. 27 Future investigations may wish to focus on a particular drug treatment and its effect on inner or outer barrier. However, there is a prior need to assess the effect of drug treatment on any measurable BRB damage (i.e., regardless of whether the damage is to the inner or outer barrier) associated with diabetes in the living system. The present study addresses the following fundamental questions that must be answered before questions of inner versus outer barrier are asked: 1) Does any BRB damage exist soon after induction of diabetes? 2) Can BRB damage (inner or outer) be quantitatively measured so as to be potentially useful for assessing drug treatment efficacy in both preclinical and clinical studies? 3) Does the noninvasive method provide additional insight that is different from those obtained by other techniques?
The linearity of DCE-MRI assay was assessed by comparing the injected contrast agent dose to the detected signal in sodium iodate-treated rats. Sodium iodate is not a positive control for the diabetes group because, unlike in diabetes, extensive disruption of the tight cell-cell junctions of the retinal pigment epithelium occurs (within 24 hours posttreatment).
11 Nonetheless, sodium iodate-treated rats are useful for confirming a linear relationship between vitreous E and Gd-DTPA dose (Fig. 2) and for comparing the MRI determined BRB PS to that measured using a more traditional physiological approach. Agreement was found between the DCE-MRI BRB PS (10.5 Ϯ 1.7 ϫ 10 -5 cm 3 /min) and BRB PS measured by Ennis and Betz 11 (9.72 Ϯ 1.86 ϫ 10 -5 cm 3 /min) using radiolabeled sucrose (MW 342 Da). The concurrence between these two BRB PS values, given the methodological differences between the studies (e.g., destructive versus nondestructive tissue analysis and different tracers), provides strong support for the underlying assumptions and accuracy of the DCE-MRI approach.
FIGURE 4.
Parameter maps of the percentage of change in signal intensity (enhancements, E) from precontrast levels at 3, 7, 9, 15, and 19 minutes post 0.1 mM Gd-DTPA/L/kg bolus injection for representative (A) 6 months diabetic, and (B) 8 months diabetic rats. Brighter colors (e.g., yellow) represent greater Gd-DTPA levels. White is background and represents no change. Note that only the 8 month diabetic rats showed consistent vitreous E with time. In addition, in a subset of diabetic rats, postcontrast times up to 40 minutes did not reveal increased vitreous E (data not shown).
FIGURE 5. Summary of BRB PS from control rats (n ϭ 10), and 2 months (n ϭ 5), 4 months (n ϭ 5), 6 months (n ϭ 5), and 8 months (n ϭ 4) diabetic rats. Significant difference (*P Ͻ 0.05) was only found between the control and 8 month diabetic groups. The sensitivity of the DCE-MRI BRB PS measurement to more subtle changes was investigated. A single intravitreous injection of VEGF/VPF is reported to induce a three-to fourfold increase in BRB permeability without disruption of retinal architecture. 36 -40 For example, Derevjanik et al. 36 reported evidence of a roughly fourfold increased BRB damage to mannitol (182 Da) 6 hours after intravitreous injection of 10 -6 M VEGF in mice. These findings are supported by the present work, which found a threefold increase in BRB PS in the rat under similar conditions (Fig. 3) . Because the dose of VEGF used in the present study was higher than that used in other studies, it might appear that the sensitivity of DCE-MRI is lower. For example, Xu et al. 7 used a tenfold lower dose (50 ng) of VEGF and reported a fourfold increase in BRB leakage. However, based on our calculations (shown below), the VEGF dose used in the present study (and by Derevjanik et al.) and in the work of Xu et al. are both higher than needed to achieve substantial equilibrium binding. Assuming a vitreous volume is 50 L in the rat, 41 our VEGF dose of 0.5 g corresponded to a vitreous concentration of 0.24 ϫ 10 -6 M and Xu et al. dose corresponds to a vitreous level of 0.24 ϫ 10 Ϫ7 M. Since the Kd of VEGF for its two receptors are ϳ10 Ϫ10 -10 Ϫ11 M, 42, 43 both VEGF doses are clearly higher than needed to achieve substantial equilibrium binding. DCE-MRI BRB PS measurements appear to be a sensitive and quantitative approach for monitoring treatment efficacy on VEGF/VPF-induced BRB damage.
Application of DCE-MRI to diabetic rats revealed increased passive BRB PS only after 8 months of experimental hyperglycemia. It is possible that DCE-MRI is not sensitive enough to detect small increases in vitreous Gd-DTPA that would result from lesser alterations in PS. To estimate the lower limit of BRB damage detectability using the current experimental setup, we note that in control rats, which presumably did not have any BRB damage, vitreous E remained constant (i.e., is background noise) over time at a level of 4.6 Ϯ 2.0% (mean Ϯ SD; Fig. 1 ). It was reasoned that vitreous E that is greater than two standard deviations from the mean (i.e., Ͼ 2*2% ϩ 4.6% or 8.6%) can be reliably measured. Indeed, changes could be readily detected in vitreous signal intensity of 10.3 Ϯ 2.9% (n ϭ 5) in sodium iodate-treated rats after low doses of contrast agent (0.01-0.02 mM Gd-DTPA/L/kg). Converting the minimally detectable vitreous E (8.6%) into a PS value suggested that the sensitivity of the DCE-MRI Gd-DTPA examination appears sufficient to detect increases in BRB PS Ͼ 3.9 ϫ 10 Ϫ5 cm 3 /min. It appeared that damage of this magnitude did not occur before 8 months of diabetes.
Comparison of the present results in diabetic rats to data in the literature is facilitated by noting that Gd-DTPA (590 Da) has a number of similarities (e.g., it is a nontoxic, nonmetabolized, and passive diffusion tracer (i.e., is not actively transported) with a well-defined plasma time course) to other lower molecular weight radiolabeled tracers [e.g., sucrose (342 Da) and mannitol (344 Da)] that have been used to study BRB damage. 9 -12,44 Using other detection methods and these radiolabeled tracers in diabetic or galactose-fed rats, little to no change in passive BRB was found in early diabetes. 9 -12,44 In contrast, experiments using other methods and tracers (e.g., fluorescein, albumin, and Evans blue dye) have reported BRB damage as early as 2 weeks after inducing diabetes in rats. 7, 8, [45] [46] [47] Data from Dimattio and Antonetti 4,5 clearly demonstrate that detection of BRB permeability changes in rat models of diabetes is dependent on size and properties of the probe, with smaller molecular weight, strongly hydrophilic tracers being less permeable than larger molecular weight, moderately lipophilic compounds. In addition, as discussed in the Introduction, unambiguous interpretation of increased passive BRB damage after fluorescein injection requires careful attention to a number of potential confounding factors. Further, interpretation of increased albumin-based tracers can also be problematic. 9, 48, 49 The present study revealed another potential factor in the contradictory conclusions of studies of diabetes-induced alteration in retinal permeability. The possibility was raised, for the first time, that experimental methods that involve animal death and/or enucleation before determining the extent of BRB damage may in fact be influenced by a BRB opening artifact as the animal approaches death and local energy resources are used up. For example, in studies by Xu et al., 7 the procedure is as follows: Evans blue dye was allowed to circulate for 90 minutes in ketamine/xylazine-anesthetized rats. Then the chest cavity was opened, and rats were perfused via the left ventricle. Note that the pneumothorax produced by opening of the chest cavity will significantly compromise the animal's physiology and soon lead to the animal's death. In addition, pH 3.5 was used because it allowed optimal binding of Evans blue dye to albumin. It is possible that a pH 3.5 solution could produce a change in cell shape and BRB disruption. Nagy, Szabo, and Huttner 50 found that cerebral perfusion with acidic pH buffer induced substantial blood-brain barrier leakage. Preliminary studies (data not shown) also found increasing vitreous signal intensity enhancements (E), at progressively lower arterial pH's. Although more work is needed, it appears possible that the use of low pH wash solutions alone can induce BRB damage. In addition, the rat was then perfused for 2 minutes at a physiological pressure of 120 mm Hg. However, ketamine/ xyalzine anesthetic will lower mean arterial blood pressure. 51 The act of perfusing the animal at a physiological pressure of 120 mm Hg might produce a relative acute hypertensive event. Such events are associated with damage to the blood-brain barrier. 52 It is also possible that some dilution of extravascular dye by the perfusate also occurred. Our data raise the possibility that some combination of pneumothorax, acidic flush solution, and in situ perfusion could have artificially induced BRB damage so that some of the EBD leaked into the retina. Unfortunately it is not currently possible to perform the combination of pneumothorax, flush, and in situ cardiac perfusion inside the bore of the magnet. In addition, Evans blue dye rapidly binds to tissue proteins causing the Evans blue dyederived PS to be dramatically different from that obtained using the standard 125 I-albmin marker. 48 If a similar phenomenon occurs in the retina, then this would decrease the efficiency of vascular dye washout and would introduce an error in the Evan's blue dye method. We speculate that the stress of pneumothorax, low pH, and elevated pressure potentiated rapid VEGF-induced leakage by themselves (i.e., in controls) were not sufficient to produce similar leakage. DCE-MRI avoids these problems and the death artifact. In future studies, DCE-MRI BRB PS measurements are expected to be useful in assessing treatment efficacy in both preclinical and clinical settings.
The present data underscore the power of DCE-MRI to provide a noninvasive measure BRB PS after VPF/VEGF treatment or in experimental diabetes that could be useful for evaluating drug treatment efficacy both in preclinical models as well as in patients clinically.
